Abstract: Much of the effort devoted to promoting better hand hygiene is based on the belief that poor hand hygiene reflects poor motivation. We argue, however, that automatic unconscious behaviour driven by 'mental models' is an important contributor to what actually happens. Mental models are concepts of reality-imaginary, often blurred, and sometimes unstable. Human beings use them to reduce mental load and free up capacity in the conscious mind to focus on deliberate activities. They are pragmatic solutions to the complexity of life. Knowledge of such mental processes helps healthcare designers and clinicians overcome barriers to behavioural change. This article reviews the concept of mental models and considers how it can be used to improve hand hygiene and patient safety.
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2 to do and if there was always enough time for the required procedure. The nurse replied with her views and the conversation turned to her very recent participation in simulation-based hand hygiene training a few days earlier. She reviewed the training enthusiastically, saying that she found the 'my five moments of hand hygiene' concept plausible and helpful. 1 During this exchange, an alarm on the second patient's monitor went off. The nurse went over, silenced the alarm on the monitor while establishing what was wrong, adjusted the ventilator tube, and checked the infusion pumps and the infusion hubs. This happened three times during the twenty-minute conversation. To the astonishment of the observing physician, she completely ignored all the hand hygiene indications both before and after touching the patient or his surroundings, resulting in a compliance rate of 0% for six hand hygiene opportunities.
After a while, a technician arrived to attend to the continuous haemofiltration machine of the second patient, equally ignoring most of the hand hygiene opportunities while wearing the same pair of gloves for the whole care procedure (overall compliance, 25%). The physician ended the conversation with the nurse and, in line with his covert observation protocol, left the intensive care unit without mentioning her hand hygiene lapses. This is a true story of events some years ago at a major tertiary care hospital in Switzerland. It suggests that we need to change our thinking about hand hygiene performance and infection prevention strategies.
When assessing the verbalized attitudes and beliefs of this nurse against the theory of planned behaviour, she would certainly score high on intention to act. 2 She expressed positive beliefs about the outcome of the activity, and she would probably also have responded positively if questioned about social norms. 3 Moreover, the behaviour in question was not obstructed by any of the frequently cited barriers to hand hygiene -since time pressure did not appear to be an issue, and hand-rub dispensers were abundant and conveniently located around each bed. 4 Why, then, did she fail to act as she intended?
The conscious mind's bias of being in control
The mismatch between the expressed intentions and the actual behaviour of the young nurse is just one pointer to the now widely accepted belief that certain processes that determine behaviour are unconscious. The attempt to better understand these processes has led to an operational definition of unconsciousness as 'a lack of awareness regarding the influences or effects of a triggering stimulus.' 5, 6 The psychologist and Nobel Prize winner in economics, Daniel Kahneman, has shown elegantly how our unconscious minds control our judgement and behaviour -and that we are 'hardwired' to ignore this fact. An evolutionary explanation for our brains working this way is easy to accept if one considers the advantages, for survival in a hostile environment, of quick and intuitive actions. Furthermore, deliberate
thinking requires effort and draws on limited mental resources. Relying on intuition to make sense of complex situations quickly and so remain in action may therefore be seen as an 'economic' necessity.
The theory of mental models
It is postulated that human beings understand the world by unconsciously forming working 'mental models' of the things they observe. 7, 8 Such models are internal images, gathered through experience and observations to collectively form an internal representation of the individual's understanding the world around her. These 'small-scale models' of external reality are then unconsciously projected on to subsequent experiences, serving as a guide to interpret new observations and make predictions. 9 It is worth noting that whereas mental models form the basis of how we understand and communicate with the world, they are by no means complete, nor necessarily accurate, representations of reality. real distances in scale) that makes it so is easily readable.
We are largely unaware of our constant recourse to mental models. Cues in the external environment serve as triggers, unconsciously activating relevant mental models.
Predictions are then generated based on these mental models, which provide a shortcut, allowing consequent actions to be executed quickly, without conscious deliberation each time a similar set of inputs is encountered. This feature of mental models is what makes them simultaneously economically efficient and yet highly susceptible to error.
Since they rely heavily on past experiences, mental models may be activated in response to environmental stimuli that appear similar, yet are fundamentally different from previously experienced situations -resulting in false predictions and suboptimal behaviour. For example, in a study of home thermostat use, Kempton revealed two commonly held mental models among Michigan residents about how thermostats function. 10 One particular mental model predicts that setting the thermostat to a higher temperature increases the amount of heat released. This mode of operation is learned through previous experience with gas burners and water valves, where increasing the setting increases the rate of flow. It is, however, an inaccurate mental model when applied to thermostats, which actually monitor current temperature and adapt flow of heat in order to maintain the desired setting. This inaccurate
mental model causes many people to operate thermostats ineffectively, resulting in wasted energy and high costs.
Moreover, two people faced with the same situation may hold different mental models. If left unresolved, this variation may present challenges for team coordination, as different individuals respond differently to the same cues. Contradictory mental models may even exist within the same individual. One can easily imagine how such a system can lead to misguided reasoning and behaviour. That is why the concept of mental models is useful to those interested in dealing with human error.
There are two opportunities for avoiding erroneous perception and behaviour based on mental models: human factors design and individual 'mindfulness'. Here we elaborate only on the former.
Mental models at the core of human factors design in healthcare
Human factors design is the scientific discipline that seeks to optimize the interactions among humans and other system elements, particularly in work environments, for the benefit of both well-being and overall system performance (International Ergonomics Society, 2000;
http://www.iea.cc/whats/). Over the past decade, human factors design has been increasingly recognized as a tool for optimizing healthcare, particularly in the field of patient safety and infection prevention. [11] [12] [13] [14] [15] [16] [17] [18] The concept of mental models is an important design tool for human factors engineers.
Regarding infection prevention and control, we propose two approaches: first, providing opportunities for healthcare workers to optimize, through experience, their mental models regarding infection prevention and control; second, designing the workplace so that it aligns with existing mental models and supports the safe behaviour of healthcare workers and other staff.
Inducing helpful mental models
Due to the ever-adaptive nature of mental models, they are continuously being shaped by new experiences and new observations. This has implications in the field of infection control as it relates to the way that healthcare workers' mental models shape their intuitive perception of infection risks. One difficulty inherent to the field of infection prevention lies in the fact that pathogens are invisible to the naked eye. This characteristic makes it impossible to visualize where infection risks lie. It is therefore a real challenge to introduce such invisible risks into the mental models of care providers. With hand disinfection, one way of achieving this is by using fluorescent hand-rub solutions. An exemplary study found that fluorescent coverage of the hands following disinfection with the fluorescent hand-rub solution correlated well with the effectiveness of hand disinfection, as measured by microbiological cultures.
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The invisible nature of pathogens also makes it more difficult to improve hand hygiene in settings where hands may not be visibly soiled, yet still need disinfection. When preparing the Swiss Hand Hygiene Campaign in 2005, it became apparent that simple and unambiguous rules were needed to specify precisely when hand hygiene was required during patient care. A human factors design approach resulted in the development of the 'my five moments for hand hygiene' concept. 1, 20 This aimed to establish a standardized model of hand hygiene that could be applied to multiple care settings, thereby reducing ambiguity and introducing a unified mental model for healthcare workers.
Another challenge inherent to infection prevention is the delayed or often non-existent feedback following unsafe behaviour. Such unsafe behaviour does not always result in adverse outcomes, and, when it does, the delay between the action or inaction and the adverse event precludes association with the behaviour itself. Mental models allow individuals to make inferences about the outcome of future events based on their previous experiences with similar events. Missing or delayed feedback following unsafe behaviour promotes faulty mental models that view unsafe behaviour as harmless, because negative outcomes are not observed. Systems with missing or delayed feedback loops are notoriously difficult to control.
Routine audits followed by timely, individualized feedback as well as reporting of healthcareassociated infectious events allow healthcare workers to 'see' the connection between behaviour and outcome. A recent review of best practice in infection control found that regular audits followed by timely feedback were effective in improving compliance with control measures and ultimately reducing healthcare-associated infections. [21] [22] [23] [24] [25] [26] Heuristics, which can be described as mental shortcuts or rules of thumb, draw on existing mental models in order to enable rapid judgements. Notably, the affect heuristic, also described as 'risk as feelings', and the availability heuristic, in which individuals judge the likelihood of an event by how easy it is to think of examples, play an important role in how individuals perceive and act on risks. 27, 28 When considering the role that such cognitive biases play in risk perception, feedback and reporting should be designed in order to keep adverse events fresh in the minds of everyone involved.
Designing to benefit from existing mental models
If designers could access the internal representations that guide the actions of individuals, they might be able to design systems that support optimal human behaviour. Such interventions could be more effective than teaching or guideline provision alone. Support might be provided through subliminal pathways, such as the introduction of cues that trigger automatic behaviour, or through conscious pathways, by signage and visual cues. Evolution has made us highly sensitive to our present environment. Unconscious processes are
constantly taking note of local conditions and automatically adjusting behaviour accordingly.
This phenomenon has been termed 'priming', in which certain cues automatically activate relevant mental models and elicit relevant behaviour. 5 One channel for behavioural priming is through the olfactory system, as odour has been shown to influence behaviour. Specifically, a fresh lemon fragrance, which invokes mental models of hygiene and cleanliness, has been demonstrated as having a positive effect on hand hygiene behaviour in a simulated environment.
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A classical human factors engineering approach is to establish a work environment that is designed to make safe behaviours intuitive and to prevent errors of omission by providing visual cues as reminders. Nevo et al. found that purposefully selecting the locations of alcohol-based hand-rub dispensers and increasing their visibility through blinking lights improved adherence with simple hand hygiene rules. 30 Interestingly, the activation of social norms among healthcare workers by placing a sign on the door warning that the room was under surveillance had an even greater effect on hand hygiene.
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When designing to support mental models, one must remember that they are often incomplete, inaccurate, and inconsistent between individuals. Mental models that differ between individuals may present a source of misunderstanding and poor team performance.
Where hand hygiene is concerned, having incongruent perception of patient zones that define hand hygiene indications may lead to unintentional transmission of pathogens ( Figure 1A ).
Such incongruities may easily be solved by means of simple design solutions ( Figure 1B ).
Conclusions
The intensive care nurse portrayed at the beginning of this article operated in an environment that provided no cues for risk perception. Her conscious mental capacity was presumably occupied by her conversation with the infection control physician. In consequence, she probably executed the repeated to-and-fro between the two patients habitually, almost on auto-pilot, hand hygiene not yet being integrated into her mental model of this activity. This story can be seen as a 'black swan event', a single observation that comes as a surprise and radically changes the way we see facts. 31 It might explain why attempts to improve hand hygiene practice by persuasion, motivation, and communication of rules usually fall short of the desired effect. The story might hold the key to better understanding of what underlies missed hand hygiene actions during complex healthcare activities and so offer an opportunity for human factors design. It has certainly changed the authors' own mental models of hand hygiene behaviour, raising the hope that similar stories can change the mental models and behaviour of others, too.
Conflict of interest statement
None declared.
Funding source
The production of this manuscript was partially funded by the Swiss National Science 
